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ABSTRACT

There is mounting evidence that long-range charge separation determines the efficiency of organic photovoltaic cells, yet
different mechanisms remain under debate. One class of proposed mechanism is ultrafast coherent long-range charge
separation, and another is a slower process whereby charges incoherently hop apart with a transiently enhanced mobility
due to morphology and disorder. Here, we use transient absorption spectroscopy to probe incoherent charge separation
dynamics in two different ways. First, we use a family of polymers whose backbone structures allows us to compare 2-
phase donor-acceptor morphologies with 3-phase morphologies that feature an intermixed region. In the 3-phase system,
we see pronounced spectral signatures associated with charges (holes) occupying the disordered intermixed region, and
we track separation via biased charge diffusion to more ordered neat regions on the timescale of hundreds of
picoseconds. Secondly, by resolving bimolecular charge recombination at high excitation density, we show that charge
mobilities must be substantially enhanced on early timescales, which may be sufficient for separation to occur. Together,
these measurements provide support for models of incoherent and relatively slow charge separation.

Keywords: Charge separation, organic photovoltaic, transient absorption, three phase, intermixed phase, mobility
relaxation.

1. INTRODUCTION

In contrast to silicon cells, the functional components of organic photovoltaic (OPV) cells are n-conjugated molecular
units that are responsible for the sequence of steps linking light absorption to photocurrent extraction. Owing to the more
localized nature of states and less effective charge screening in organic semiconductors, the conversion of bound
electron-hole pairs (either charge transfer states or excitons) to free charge carriers is crucial to the efficiency of OPV
cells. Charge transfer from a donor polymer to an acceptor (e.g., fullerene) is necessary but insufficient to create
photocurrent, as confirmed by the observation of geminate charge recombination (often radiative) via tightly bound
interfacial charge transfer (CT) states.' In spite of widespread acceptance that long-range charge separation is vitally
important, the mechanism (or mechanisms) by which this happens remains under debate. Of the numerous mechanisms
proposed from experimental and theoretical studies, we can identify two broad classes of mechanisms; coherent and
incoherent charge separation processes.

Coherent charge separation invokes highly delocalized interfacial states in which the electron and hole components are
sufficiently separated that they directly form free carriers upon relaxing into localized electron and hole states. One
important feature of this mechanism is that long-range charge separation must occur on the ultrafast (femtosecond)
timescale that such a coherent state exists. Bakulin ez a/ examined the role of delocalized charge transfer states using a
pump-push experiment, which revealed that relaxed CT states could contribute more photocurrent upon re-exciting to
more delocalized CT states.” Gelinas ef al analyzed the dynamics of transient electroabsorption signals to quantify the
velocity of charge separation in OPV blends and conclude that ultrafast charge separation over approximately 4 nm is
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enabled via coherent states in fullerene crystals.” Kaake et al have further invoked the uncertainty principal in linking the
ultrafast timecale of charge separation to intrinsic delocalization,’ albeit with theoretical reservations,” and Chen et al
showed that exciton states are rather delocalized on the ultrafast timescale that charge separation occurs in OPV blends.’
Theoretical modelling of OPV interfaces also confirms that delocalized hot CT states may be accessible, or even
dominant, owing to the high density of delocalized CT states compared with localized states directly at the interface.”®
However, a key study that is difficult to reconcile with the idea that hot CT states gate charge separation is Vanderwal et
al’s analysis of the photocurrent efficiency of relaxed CT states.' Sensitive measurements correlating absorption strength
and photocurrent efficiency in the optically weak sub-gap region showed that optically active CT states - even relaxed
CT states - contributed photocurrent with approximately the same internal quantum efficiency as above-gap excitation.
Since optically active states must have appreciable electron-hole overlap, other mechanisms beyond coherence are
sought to explain their efficient charge separation.

Incoherent charge separation mechanisms, on the other hand, are characterized by slower separation of charges via
multiple hopping steps between localized states. The question then remains what drives the process. Entropy favors
charge separation, though not strongly enough to negate Coulomb binding alone. The groups of Kemerink and McGehee
independently used simulations (supported by spectroscopy in some cases) so show that transiently enhanced charge
mobility on early timescales would be sufficient to enable efficient incoherent charge separation via multiple hopping.”™'
Moreover, this mobility enhancement can be underpinned by energetic disorder, which is a defining characteristic of
OPV materials. In this model, relaxation within an inhomogeneously broadened density of states results in high non-
equilibrium charge mobilities. Another model of incoherent charge separation relates to the so-called 3-phase
morphology that is observed for many efficient systems. Here, charges generated in intermixed phases are driven to
separate to the respective pure donor and acceptor phases due to the greater stability of holes and electrons, respectively,
in those phases.''
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Figure 1. Schematic depiction of long-range charge separation via a) coherent delocalized states, and b) incoherent hopping
processes.

Here, we apply transient absorption spectroscopy to examine incoherent charge separation dynamics in OPV blends.
After employing a low temperature experiment to demonstrate that OPV efficiency is indeed linked to long-range charge
separation, we explore charge separation in 3-phase OPV systems. Using signatures of holes occupying phase-pure
versus intermixed regions, we reveal morphologically driven charge separation on the timescale of hundreds of
picosconds. By measuring the excitation density dependence of non-geminate charge recombination dynamics, we also
show that global kinetic models can only be satisfied when the bimolecular recombination constant - and by inference,
the charge mobility - is strongly enhanced on early timescales. Our measurements provide experimental support for
incoherent charge separation mechanisms in OPVs.

*Justin.Hodgkiss@vuw.ac.nz; phone +64 (0)4 463 6983

2. METHODOLOGY

2.1 Sample preparation

Spectroscopic measurements were carried on using thin films of OPV active layers’ spin coated onto fused silica
substrates, but without contact electrodes. The film casting conditions were duplicated from those used in corresponding
OPV devices, as per the cited references. Films were measured soon after deposition and housed inside a vacuum
chamber during measurements to avoid the effects of air and moisture.
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2.2 Transient absorption spectroscopy

Transient absorption spectroscopy measurements were carried out using the system described in detail in references "
and '°. The system is based on an amplified Ti:Sapphire laser running at 3 kHz, with supercontinuum probe shots read
out on a shot-to-shot basis using visible and near-IR multichannel detectors. Key features and benefits of this setup for
the current work include; i) the ability to capture TA spectra spanning from visible to near IR regions, thus providing
clean signatures of excitons and charges in efficient OPV materials, ii) combination of mechanical and electronic delay
configurations to achieve time resolution from ~100 fs to ~300 xs with no gaps, spanning timescales of charge transfer,
separation, and recombination, and iii) the ability to resolve differential transmission signals smaller than 10, enabling
measurements from low excitation density as well as global analysis of non-geminate charge recombination over a wide
range of densities.

2.3 Data analysis

Kinetic fitting for section 3.1 is described in detail in reference '°. The kinetic decays in Section 3.3 employed a hybrid
soft-hard modeling approach. Briefly, the monomolecular recombination regime was identified in a series of fluence
dependent decay data by observing the fluence at which recombination becomes independent of fluence. Since these
monomolecular dynamics were still non-exponential, there were fit using a cubic function (3™ order polynomial), and
this was used as the soft-modeled component against which bimolecular recombination competes. The fluence dependent
series of charge recombination dynamics was then globally fit to a kinetic model that includes monomolecular (soft
model) and bimolecular (density dependent) components, where the initial charge density for each measurement was
fixed based on the known fluence, optical density, and film thickness. The global fitting procedure was carried out using
a fixed bimolecular rate constant and also a bimolecular rate constant that is allowed to vary according to a power law
decay to reflect mobility relaxation.

3. RESULTS AND DISCUSSION

3.1 Long-range charge separation in organic photovoltaics

We begin by presenting evidence, originally reported in reference '°, that the yield of free charges in OPVs is determined
by the probability of charge pairs initially achieving a separation on the order of 4 nanometers. By resolving charge
recombination dynamics at low temperature (10 K), where activated charge diffusion is shut off and even well-separated
charges must eventually recombine geminately, we are able to relate recombination dynamics to the distance
distributions of charge pairs. Since charge recombination occurs in the tunneling regime, the recombination rate decays
exponentially with electron-hole distance. Thus, distributions of tunneling recombination rates (on a logarithmic scale)
are related to distance distributions via the tunneling decay constant, £.

Figure 2a shows the bimodal distribution of rate constants that fit the tunneling recombination dynamics of two
P3HT:PCBM blends shown in Fig. 2b. A two-Gaussian rate model is used to fit the data in order to minimize the number
of free parameters, however, it is important to note that even unconstrained multiexponential fits arrive at bimodal rate
distributions with similar weightings that the Gaussian fits show in each component. The fitted rate distribution in Figure
2a is interpreted to mean that the rapidly recombining charges (krecoms ~10° s™') correspond to closely separated charge
pairs, or CT states, and the more slowly recombining phase (centered around kiecomp ~ 10° s'l) corresponds to well-
separated charges. The exponential decay of electron tunneling means that the logarithmic rate axis is directly
proportional to electron-hole distance; applying a £ value of ~0.3 A" " results in the SC population being ~3 nm greater
separation than CT states (themselves likely ~1 nm separation). Integrating each of these components gives the yields of
CT and separated charges, denoted SC, as indicated on the plot. Figures 2a and 2b reveal that annealing a P3HT:PCBM
blend, which is known to improve efficiency, results in a greater fraction of SCs, suggesting that this analysis may be
used to determine whether the long-range charge separation step underpins other blends.

In order to correlate long-range charge separation with free charge generation, we used the method developed by Howard
et al to quantify the yield of free charges.'” By measuring room temperature charge recombination as a function of
excitation density, geminate and non-geminate recombination is readily distinguished and the set of recombination
kinetics can be globally fit to ascertain the fractions of charges that recombine via each channel. For our purposes,
bimolecular recombination applies to free charges that would otherwise be swept out in a functioning device. Figures 2c
and 2d show the intensity dependent recombination kinetics obtained for the same P3HT:PCBM samples in Figures 2a
and 2b, with the yields of free charges, ®g.., indicated on the plots. The free charge yields are remarkably similar to the
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SC yields measured at 10 K, prompting us to extend the analysis to a wider range of materials. The fit employs fixed
geminate and non-geminate rate constants, which likely accounts for slight deviations between the measured data and
fits. We will return to this point in section 3.3.

Figure 2e shows the correlation between @y, and Pgc across the range of materials measured, where each data point is
underpinned by the series measurements exemplified in Figures 2a-d. The materials span blends with poor quantum
efficiencies to higher performing blends. The striking correlation observed in Figure 2e shows that the yield of free
(extractable) charges is determined the probability of charge pairs achieving sufficient initial separation. At low
temperature, charge pairs are frozen at the sites where they thermalize and relax, which means that the relevant timescale
implied by initial separation is that of charge relaxation. This measurement points to the importance of long-range charge
separation, but does not distinguish between ultrafast coherent separation and incoherent hopping mechanisms, which
both may occur at low temperature.
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Figure 2. Adapted from reference [barker]. a) Distribution of recombination rate constants used to fit geminate charge
recombination at 10 K for P3HT:PCBM samples shown in part (b). ¢) and d) Intensity dependent recombination at room
temperature for the same P3HT:PCBM blends, fitted to the global kinetic model from reference [howard 2010]. e)
Correlation of @gc versus @y, for various blends according to the analysis in parts a)-d).

3.2 Spectroscopically tracking charge separation in a three phase blend

In order to test the hypothesis that a 3-phase system could drive charge separation, we compared transient absorption
spectral dynamics in 2- and 3-phase systems comprised of two related low-bandgap polymers blended with PCBM. As
reported in references '® and '°, PTTBT forms a highly crystalline microstructure. Blends of PTTBT and PCBM form a
2-phase morphology whereby the polymer adopts the microcrystalline structure of neat films, without dissolving PCBM
to form intermixed phases. PTBT, on the other hand, differs from PTTBT by a configuration of monomer units that
induces backbone curvature and makes the polymer more compatible with PCBM. References '* and '° confirm that
PTBT:PCBM blends exhibit a 3-phase morphology, where the amount of intermixed phase can be tuned by co-solvent
processing.

Figure 3a shows the TA spectral evolution for the 2-phase PTTBT:PCBM blend. The spectra exhibit ground state
bleaching signals in the visible, along with an exciton-based photoinduced absorption peak around 0.9 eV and charge-
based photoinduced absorption peaks around 1.1 eV. The entire TA surface is readily fit using only two spectra
(respectively associated with excitons and charges) that do not shift over time. The TA dynamics in Figure 3a are easily
accounted as exciton-to-charge conversion (prompt and diffusion limited) on the early picosecond timescale followed by
charge recombination. Charge recombination occurs from late picosecond into nanosecond timescales, which is captured
via the photoinduced absorption decay kinetics shown in Figure 3c. The rapid timescale of charge recombination —
approximately half within just 2 nanoseconds - reflects substantial geminate recombination of bound charge pairs that
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would not be extractable in a device, which is consistent with the comparatively poor efficiency (2.6% PCE) '® of
PTTBT:PCBM devices.

The TA spectral evolution for the 3-phase blend shown in Figure 3b reveals several important differences to the 2-phase
blend that can account for the higher efficiency (5.6% PCE)'® of the 3-phase system. First, the higher initial amplitude of
the charge-based photoinduced absorption peak near 1.2 eV reflects a higher fraction of prompt charge generation in
strongly intermixed donor-acceptor phases. Second, the position of this absorption peak red-shifts over time to around
1.1 eV at 500 ps. These near-IR absorption shifts are correlated with dynamic changes to the ground-state bleach peak
shape, whereby the 0-0 vibronic peak becomes more pronounced over time. From this, we conclude that the spectral
dynamics reflect migration of charges (hole polarons) from disordered to more ordered polymer regions in which
polymer chains have greater extension, longer conjugation length, and more J-aggregate character. This conclusion is
supported by observing how the shift magnitude is affected by solvent additives, and also by considering sensitization
experiments that exclude the possibility that triplet exciton formation could cause spectral shifts.'® The polaron
photoinduced absorption shift dynamics are plotted in Figure 3d. The 3-phase blend exhibits pronounced shifting
dynamics throughout the picosecond timescale, whereas the 2-phase blend undergoes no appreciable shift. Moreover, the
charge recombination kinetics for both blends shown in Figure 3c show that while substantial recombination happens
within the first 2 ns for the 2-phase blend, recombination does not commence until after this timescale for the 3-phase
PTBT blend. Considering the charge recombination dynamics (Figure 3c) in light of the spectral shift dynamics (Figure
3d), we conclude that charge migration from intermixed to phase pure regions (as depicted in the inset of Figure 3b)
accounts for the suppressed charge recombination and higher photovoltaic efficiency of the 3-phase PTBT blend.
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Figure 3. Transient absorption measurements of (A) PTTBT:PCBM, and (B) PTBT:PCBM thin films showing spectral
slices at indicated time delays following 100 fs excitation at 532 nm. (C) Normalized recombination kinetics were tracked
by integrated over the polaron PIA peak (0.9-1.4 eV) for both polymer:PCBM blends (excitation fluence ~ 5 pJem™ in both
cases). Spectral overlap of polarons with excitons is avoided by excluding the dynamics before 10 ps, at which time excitons
have decayed. (D) Analysis of the polaron PIA peak dynamics tracks the migration of holes from the intermixed domains
into the phase pure domains in the 3-phase blend, which is absent in the 2-phase polymer:fullerene blend.
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3.3 Mobility relaxation probed by bimolecular charge recombination dynamics

In order to probe whether incoherent charge separation may be assisted by enhanced non-equilibrium charge mobilities
on early timescales, we closely examined bimolecular charge recombination dynamics, which can be considered a proxy
for charge mobility according to Langevin theory. By analyzing charge recombination dynamics over a wide range of
excitation fluence, we were interested in whether recombination dynamics could be described using a single fixed
recombination rate constant (i.e., a constant charge mobility), or whether there was evidence that the bimolecular rate
constant decays with time (reflecting charge mobility relaxation). Our experiment included high fluences that were not
supposed to mimic solar fluences but were sufficient to markedly accelerate recombination and thereby probe mobilities
from early nanosecond timescales.

We applied this analysis to the PTTBT:PCBM and PTBT:PCBM blends discussed in section 3.2 above. The intensity
dependent recombination data was limited to times beyond ~2 ns, noting that geminate recombination reduces the charge
population by approximately a half prior to this for the PTTBT blend. Figures 4a and 4b show that charge recombination
is accelerated in both blends at high fluence — a signature of free charges. The recombination dynamics were fit using a
hybrid hard-soft model described in the methodology section, in order to account for the non-exponential first order
dynamics at low fluence. After soft-modelling the low fluence kinetics, the series’ of fluence dependent dynamics were
first fit using a single free parameter — the bimolecular rate constant, ky;, according to;

A \
bt

= ; |saFtitln , (1)

where n is the charge density, for which the initial value, ny, is fixed according to the known fluences, optical density,
and film thickness. The fits according to equation 1 are shown as dashed lines in Figure 4. Deviation from the measured
data is apparent for both data sets, particularly for the PTTBT:PCBM blend (Figure 4a). Specifically, while the fits
appear adequate at early times, they decay too fast at longer timescales, suggesting that the real bimolecular rate
constants are in fact reduced at longer times.

Assuming that the intrinsic recombination rate of encounter charge pairs remains constant, the apparent decay in the
bimolecular rate constant must be linked to dynamic reduction in average charge mobility. Charge mobility in a low
mobility system with Gaussian disorder is expected to relax according to a power-law.'**” Thus, we adapted equation 1
with the addition of a power-law term, a, to describe the effect of mobility relaxation on k;, as follows;

-.1 Vg .
I:—': E Sk nt | [E0fEEn )

where the time-dependent bimolecular rate constant is recovered as;
— +ap
ky = t7k'y,; 3)

Fits to both series of data using equation 3 are shown as the solid lines in Figures 4a and 4b. The fits reproduce the data
very well over the entire time and fluence ranges. The fitting improvement can be quantified by comparing the r*-values
for series with fixed and time-dependent k; values. For the PTTBT:PCBM blend, the r’-value increases from 91.6 to
97.7 upon allowing k; to relax with time. In the case of the PTBT:PCBM blend, the improvement is more subtle (96.5 to
97.1). Finally, time-dependent k; values were extract via equation 3 and plotted in Figure 4c. For the PTTBT blend, we
see that k,; decays by approximately two orders of magnitude from the early nanosecond to microsecond timescale, with
a slightly weaker dispersion seen for the PTBT blend.

We conclude from this analysis that charge mobilites are indeed enhanced from their equilibrium values on early
timescales, consistent with a similar bimolecular recombination experiment by Andersson et al*' and other transient
probes of charge mobility.”>* It is premature to conclude that this mobility enhancement is sufficient to explain
incoherent charge separation. In the future, we will need to extend this analysis to even earlier timescales on which
charge separation is more likely to be occurring (as confirmed for these very blends in section 3.2). Sub-nanosecond
measurements are likely to reconcile the apparent contradiction that the less efficient PTTBT blend exhibits more
pronounced mobility relaxation than the more efficient PTBT blend; section 3 shows that the performances of these
blends are distinguished via the charge separation/recombination competition on the sub-nanosecond timescale that is not
captured in Figure 4.
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Figure 4. Series of fluence dependent recombination dynamics for A) PTTBT:PCBM and B) PTBT:PCBM. Fluences (with
532 nm, 600 ps excitation) are indicated in the legend, and data is normalized by fluence. Dashed lines on both plots
represent a global fit to equation 1, and solid lines represent fits to equation 2. C) Time-dependent ky,; values extracted (using

equation 3) from the fits to equation 2, where the solid parts of the lines indicate the time regions where most of the resolved
dynamics occur.

4. CONCLUSIONS

Using various configurations of fluence- and temperature dependent TA spectroscopy, we can draw several conclusions
about charge separation in OPV films, and the plausibility of slow, incoherent processes. First, we show via tunneling
recombination constants at low temperature that the initial charge separation step is a key determinant of free charge
yields. Secondly, by comparing sub-nanosecond spectral dynamics in a 2-phase versus a 3-phase OPV blend, we
examined the proposal that 3-phase blends may enhance charge separation via the cascaded energy landscape across the
intermixed interfaces. We observe charges migrating from intermixed- to phase pure regions on sub-nanosecond
timescales in the more efficient 3-phase blends, confirming the plausibility of this model. Finally, by analyzing fluence
dependent recombination kinetics we find that data is not adequately fit using a fixed bimolecular recombination rate
constant. Instead, the data is well described using a bimolecular rate constant that undergoes a time-dependent decay to
reflect mobility relaxation. Assuming proportionality with the bimolecular rate constant, we find that mobility relaxes by
two orders of magnitude from nanosecond to microsecond timescales, which may point to markedly higher mobilities
assisting charge separation on earlier timescales. Collectively, our data supports proposals for incoherent, hopping-based,
charge separation in OPVs. However, a broader question to keep in mind is whether one unifying charge separation
mechanism describes all OPV cells, or whether several mechanisms can contribute with different weights to different
material systems.
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